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Magneto-dielectric  effects  in  self-assembled  core-shell  nanoparticles  of  nickel  ferrite 
(NFO)  and  barium  titanate  (BTO)  have  been  investigated  in  the  millimeter  wave  fre¬ 
quencies.  The  core-shell  nano-composites  were  synthesized  by  coating  100  nm  nickel 
ferrite  and  50  nm  barium  titanate  nanoparticles  with  complementary  coupling  groups 
and  allowing  them  to  self-assemble  in  the  presence  of  a  catalyst  forming  hetero¬ 
geneous  nanocomposites.  Magneto-electric  (ME)  characterization  of  as-assembled 
particles  has  been  carried  out  by  measurements  of  the  relative  permittivity  as  a 
function  of  frequency  f  under  an  applied  static  magnetic  field  H  over  16-24  GHz. 
Measurements  show  an  H-induced  decrease  in  e,  of  1  to  1.5%.  But  a  giant  magneto¬ 
dielectric  effect  with  an  H-induced  change  in  permittivity  as  high  as  28%  is  measured 
under  dielectric  resonance  in  the  samples.  A  strong  ME  coupling  was  also  evident 
from  H-tuning  of  dielectric  resonance  in  the  composites.  A  theory  for  the  high  fre¬ 
quency  magneto-dielectric  effect  has  been  developed  and  consists  of  the  following 
steps.  Eirst  the  Bruggeman  model  is  used  to  estimate  the  effective  dielectric  con¬ 
stant  for  the  shell  consisting  of  the  BTO  particles  and  voids  considered  as  spherical 
air-pores.  Then  the  permittivity  for  the  core  and  shell  is  estimated  taking  into  con¬ 
sideration  the  sample  porosity.  Einally  the  H-dependence  of  the  permittivity  due 
to  ME  interactions  is  calculated  from  the  free  energy  considerations.  Estimated  Sr 
vs.  H  and  dielectric  resonance  frequency  vs.  H  characteristics  are  in  general  agree¬ 
ment  with  the  data.  ©  2014  Author(s).  All  article  content,  except  where  otherwise 
noted,  is  licensed  under  a  Creative  Commons  Attribution  3.0  Unported  License. 
[http://dx.doi.Org/10.1063/l.4895591] 


I.  INTRODUCTION 

A  composite  of  ferromagnetic  and  ferroelectric  phases  is  a  multiferroic  in  which  the  coupling 
between  the  electric  and  magnetic  subsystems  is  aided  by  mechanical  strain.'"®  The  magneto-electric 
(ME)  interaction  in  the  composite  is  a  product  property,  i.e.,  magnetostriction  in  an  applied  magnetic 
field  resulting  in  piezoelectric  charge  generation.  Studies  so  far  have  focused  primarily  on  composites 
with  ferromagnetic/ferrimagnetic  metals,  alloys  or  oxides  and  ferroelectric s  such  as  barium  titanate 
(BTO),  lead  zirconate  titanate  (PZT),  and  lead  magnesium  niobate-lead  titanate  (PMN-PT).*“*® 
Efforts  on  thick  him,  thin  him,  and  bulk  composites  involved  measurements  of  sample  response 
to  an  applied  magnetic  held  H,  termed  direct-ME  effect,  or  to  an  applied  electric  held  E  called 
converse-ME  effect.  Eor  direct-ME  effect  one  measures  the  induced  polarization,  voltage  or  change 
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in  permittivity  due  to  H.  Studies  on  converse-ME  effect  in  general  involve  measurements  of  induced 
magnetization,  permeability  or  magnetic  anisotropy  field  due  to  Several  composites  were 

reported  to  show  very  strong  ME  coupling  at  low  frequencies  and  resonance  enhancement  of  ME 
interactions  at  frequencies  corresponding  to  bending,  longitudinal  and  thickness  acoustic  modes. 

The  magneto-dielectric  effect  (MDE)  involves  studies  on  the  influence  of  an  applied  magnetic 
field  on  the  dielectric  constant  of  a  material. It  is  a  powerful  tool  for  investigations  on  the  nature 
of  direct-ME  effects  in  single  phase  and  composite  multiferroics.  There  have  been  several  reports  in 
recent  years  on  the  observation  of  MDE  due  to  phase  transitions  in  single  phase  multiferroics'®"'^ 
or  magnon-phonon  coupling  in  antiferromagnets.^'’^^  But  there  have  been  very  few  reports  on  the 
observation  and  modeling  of  MDE  in  composite  multiferroics.  In  a  composite  with  ferromagnetic 
La-Sr-manganite  and  a  ferroelectric,  the  strain  mediated  ME  coupling  was  reported  to  show  9.5% 
change  in  the  permittivity  under  H  =  9  T.^^  Modeling  efforts  on  MDE  in  composites  so  far  include 
thermodynamic  formalisms  based  on  the  Landau-Devonshire  theory  applied  to  cobalt  particles 
dispersed  in  barium  titanate  (BTO)  matrix^''  and  a  non-linear  thermodynamic  approach  to  estimate 
the  magneto-capacitance  effect  in  BTO  or  PZT  films  on  substrates  of  ferromagnetic  alloys.^® 

This  work  is  on  the  observation  and  theory  of  MDE  in  multiferroic  nanocomposites.  The  ME 
coupling  in  nanostructures  analogs  of  bulk  and  layered  multiferroic  composites  is  of  interest  since  one 
anticipates  strong  strain  mediated  coupling  due  to  a  large  surface-to-volume  ratio.  Nanostructures 
of  core-shell  particles,  pillars  in  a  host  matrix,  coaxial  tubes  and  wires  have  been  studied  in  recent 
years. The  strength  of  ME  coupling  in  these  systems  was  studied  by  several  techniques  including 
piezo  force  microscopy  and  magnetic  force  microscopy.  Theories  predict  strong  ME  coupling 
in  these  systems.^®  The  nanocomposites  can  be  further  assembled  into  superstructures  by  surfactant- 
assisted  or  magnetic  field  or  electric  directed  assembly  techniques. Due  to  electric  polarization 
and  magnetic  dipole  moment  associated  with  the  nanostructures  it  is  possible  to  obtain  rings, 
chains,  bundles,  and  two-dimensional  and  three-dimensional  periodic  arrays  of  the  composites  for 
investigations  on  ME  interactions  and  for  useful  technologies.^^ 

Here  we  report  on  measurements  and  theory  of  millimeter-wave  magneto-dielectric  effects 
in  chemical  assemblies  of  NEO-BTO  core-shell  particles.  We  synthesized  these  core-shell  nano¬ 
composites  by  coating  the  ferroic  nanoparticles  with  complementary  coupling  groups  and  al¬ 
lowing  them  to  self-assemble.^*"^'  We  employed  BTO  (diameter  =  50  nm)  and  NFO  (diameter 
=  100  nm)  nanoparticles  for  the  assemblies.  One  of  the  nanoparticles,  BTO  or  NFO,  was  func¬ 
tionalized  azide  groups  and  the  other  with  alkyne  groups.""  Following  this,  the  functionalized 
particles  were  heterogeneously  linked  together  in  the  presence  of  a  Cu(I)  catalyst  via  the  “click” 
reaction  forming  heterogeneous  nanocomposites. The  core-shell  structure  was  confirmed  with 
electron  microscopy  and  magnetic  force  microscopy.  The  magnetic  and  ferroelectric  nature  of  the 
composites  was  confirmed  with  magnetization,  ferromagnetic  resonance  and  polarization  P  vs.  E 
measurements.  Magneto-electric  characterization  of  as-assembled  particles  was  carried  out  by  high 
frequency  magneto-dielectric  effects.  The  studies  involved  measurements  of  the  relative  permittivity 
Sr  as  a  function  of  frequency  f  under  an  applied  static  magnetic  field  H  over  16-24  GHz.  With 
appropriate  choice  for  sample  dimensions  two  frequency  regions  were  investigated,  (i)  A  region 
that  is  free  of  dielectric  resonance  in  the  sample:  A  decrease  in  e,  was  measured  under  H  with  a 
fractional  change  in  of  1  to  1.5%  for  H  =  4  kOe.  (ii)  The  frequency  range  that  overlaps  the 
dielectric  resonance:  A  giant  magneto-dielectric  effect  with  an  H-induced  change  in  permittivity  as 
high  as  28%  was  measured.  A  strong  ME  coupling  was  also  evident  from  H-tuning  of  dielectric 
resonance  in  the  composites. 

The  first  model  for  MDE  in  self-assembled  core-shell  particulate  composites  is  also  discussed 
here.  The  theory  is  done  in  3  steps.  First  we  use  the  Bruggemann’s  effective  medium  model  to 
estimate  the  permittivity  of  the  shell  with  BTO  particles  and  by  considering  the  shell  porosity  as 
air-pores.  Second,  the  effective  permittivity  of  sample  of  core-shell  particle  is  estimated  taking  into 
consideration  the  sample  porosity.  Third,  the  free  energy  formalisms  of  the  Landau-Devonshire 
theory  is  used  to  describe  the  ME  couplings  between  strain  and  order  parameters  and  the  resulting 
change  in  the  permittivity.  Our  theory  predicts  a  decrease  in  the  permittivity  in  H.  The  variation 
in  the  permittivity  results  from  changes  in  equilibrium  strain  components  and,  therefore,  equi¬ 
librium  polarization  in  applied  magnetic  fields  due  to  magnetostrictive  coupling.  Theoretical  Sr 
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FIG.  1.  (a)  TEM  micrograph  showing  core-shell  structures  for  chemically  assembled  clusters  with  100  nm  nickel  ferrite 
(NFO)  core  and  50  nm  barium  titanate  (BTO)  shell,  (b)  X-ray  diffraction  data  for  as-assembled  core-shell  particles,  (c)  Room 
temperature  magnetization  as  a  function  of  static  magnetic  field  H  for  the  clusters,  (d)  Polarization  vs.  E  for  the  NFO-BTO 
core  shell  composites. 


VS.  H  and  dielectric  resonance  frequency  vs.  H  characteristics  are  in  general  agreement  with  the 
data. 


II.  EXPERIMENT 

Core-shell  particles  consisting  of  100  nm  diameter  nickel  ferrite,  NiFe204  (NFO)  core  and 
50  nm  harium  titanate  BaTiOs  (BTO)  shell  were  synthesized  and  used  in  this  study.  The  self-assembly 
procedure  is  discussed  in  detail  in  Ref.  41  and  involved  following  3  steps,  (i)  Preparation  of  NFO 
particles  by  co-precipitation  techniques  (vendor  supplied  BTO  was  used),  (ii)  Functionalizing  the 
particles  with  two  complementary  coupling  groups,  one  with  azide  groups  and  the  other  with  alkyne 
groups.  Azide  modification  of  nanoparticles  and  functionalization  with  alkyne  group  by  attaching 
(?-propargyl  citrate  was  conformed  using  FTIR  (KBr  pellet)  spectroscopy."**^  (iii)  The  generation  of 
hetero-assemblies  between  nanoparticles  was  effected  by  Cu(I)-catalyzed  azide-alkyne  cycloaddition 
(CuAAC)  reaction  (commonly  known  as  “click”  chemistry). 

Sample  characterization  in  terms  of  structure,  composition,  and  ferroic  order  parameters  are 
detailed  in  Ref.  41.  Here  we  summarize  important  hndings.  Structural  and  compositional  studies  on 
as-assembled  particles  were  carried  out  by  scanning  and  transmission  electron  microscopy  (TEM),  X- 
ray  diffraction,  and  scanning  probe  microscopy.  TEM  micrograph  in  Eig.  1(a)  shows  approximately 
6  to  8  particles  of  BTO  in  a  shell  around  the  NEO  core.  One  expects  eight  50  nm-BTO  particles 
around  the  100  nm-NEO  core  in  2D  and  16  BTO  particles  around  NFO  in  3D.  The  X-ray  diffraction 
(XRD)  pattern  is  shown  in  Fig.  1(b).  The  data  shows  diffraction  peaks  expected  for  NFO  and  BTO 
and  the  composites  were  free  of  any  impurity  phases.  The  chemical  composition  of  the  clusters  was 
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confirmed  with  energy  dispersive  x-ray  spectroscopy.  Magnetic  characterization  of  as-assembled 
clusters  was  performed  by  magnetization  and  ferromagnetic  resonance.  Room-temperature  data  on 
magnetization  M  vs.  H  (measured  with  a  Faraday  Balance)  for  dried  powder  of  the  composite 
are  shown  in  Fig.  1(c).  The  sample  shows  ferromagnetic  behavior  with  hysteresis  and  remnance 
and  the  magnetization  compared  favorably  with  reported  value  for  polycrystalline  nickel  ferrites.^^ 
Ferromagnetic  resonance  measurements  over  8-16  GHz  showed  a  broad  absorption.  Ferroelectric 
characterization  involved  measurements  of  P  vs.  E.  Representative  data  (obtained  with  a  Radiant 
Ferroelectric  Tester)  for  pressed  discs  of  as-assembled  powders  are  shown  in  Fig.  1(d).  A  relatively 
small  remnant  polarization  and  coercive  field  compared  to  bulk  BTO  are  measured  for  the  core-shell 
particulate  composite.  Further  details  on  structural,  magnetic  and  ferroelectric  characterization  are 
provided  in  Ref.  41. 

This  report  focuses  on  the  nature  of  ME  interactions  in  the  nanocomposites  by  magneto-dielectric 
effect,  i.e.,  the  magnetic  field  induced  variation  in  the  permittivity  of  the  nanocomposite.  The  effect 
was  investigated  from  16  to  24  GHz  with  an  Agilent  vector  network  analyzer.  The  transmission 
line  method  used  involves  placing  a  sample  of  appropriate  shape  inside  a  rectangular  waveguide 
or  coaxial  airline."^^  Waveguide  fixtures  are  band-limited  but  operate  at  higher  frequencies  than 
coaxial  airline  and  require  a  rectangular  sample.  A  precision  quarter-wavelength  WR-42  waveguide 
section  was  used  as  the  sample  holder.  Dried  as-assembled  composite  powder  was  pressed  into  a 
pellet  so  as  to  completely  fill  the  cross  section  of  the  waveguide  without  gaps  at  the  fixture  walls. 
Samples  of  dimensions  10.7  mm  x  4.3  mm  and  thickness  in  the  range  0.43  to  0.55  mm  were  used. 
The  waveguide  with  the  sample  was  excited  with  microwave  power  and  a  two-port  measurement 
of  transmission  and  reflection  coefficients  were  done  to  estimate  the  complex  permittivity.  During 
the  measurements  a  bias  static  magnetic  field  was  applied  along  the  wide  wall  of  waveguide,  and 
dielectric  constant  variation  with  frequency  and  H  was  recorded  for  H  =  0  -  5  kOe.  Upper  bound  for 
H  was  determined  from  the  condition  that  FMR  frequency  should  be  below  the  waveguide  cut-off 
frequency.^' 

III.  MAGNETO-DIELECTRIC  EFFECTS:  RESULTS  AND  DISCUSSION 

First  we  measured  the  real  part  of  the  relative  permittivity  vs  f  over  16-18  GHz  on  a  sample  of 
dimensions  10.7  mm  x  4.3  mm  x  0.55  mm.  The  specific  thickness  was  chosen  in  order  to  eliminate 
any  dielectric  resonance  in  the  sample.  Data  on  the  frequency  dependence  of  e/  in  a  static  magnetic 
field  H  are  shown  in  Fig.  2.  The  permittivity  remains  almost  constant  with  increasing  f.  With  the 
application  of  H,  e/  is  found  to  decrease  with  increasing  H.  Figure  2  shows  the  fractional  change 
in  the  permittivity  Aer7er'(0)  =  [Sr'  (H)  -  e/  (H  =  0)]  /  s-/  (H  =  0)  for  H  =  4  kOe.  It  ranges  from 
—  1%  to— 1.5%.  But  a  giant  magneto-dielectric  effect,  with  an  H-induced  change  in  e^'  by  28%,  was 
observed  under  dielectric  resonance  in  the  sample  as  discussed  next. 

Investigations  on  MDE  at  dielectric  resonance  in  the  composites  are  of  importance  since 
the  resonance  frequency  is  a  function  of  the  dielectric  constant.  Thus  any  H-induced  changes  in 
e/  are  directly  reflected  as  a  change  in  resonance  frequency.  A  sample  of  dimensions  10.7  mm 
X  4.3  mm  and  a  thickness  of  0.43  mm  was  used.  Data  on  e/  vs  f  for  a  series  of  H  over  the  range  16- 
24  GHz  are  shown  in  Fig.  3.  A  resonance  is  clearly  seen  in  the  data  and  is  due  to  dielectric  resonance 
in  the  sample  of  core-shell  nanocomposite.  With  the  application  of  H,  a  general  decrease  in  e^'  is 
observed  except  for  a  narrow  frequency  range  extending  from  19  to  20  GHz  over  which  e^'  is  found  to 
increase  with  increasing  H.  The  fractional  change  in  the  dielectric  constant  for  H  =  4  kOe  is  shown  in 
Fig.  4.  For  frequencies  away  from  the  resonance  region  one  measures  1  to  5%  decrease  in  e/,  while 
at  resonance  the  dielectric  constant  increases  by  23%.  Thus  a  giant  magneto-dielectric  effect  in 
the  core-shell  particulate  composite  with  a  28%  net  change  in  permittivity  is  evident  in  the  data  of 
Fig.  4. 

For  measurements  of  the  dielectric  mode  frequencies  fr  we  obtained  profiles  of  the  imaginary 
part  of  the  permittivity  e^"  as  a  function  of  f.  Such  e/'  vs.  f  profiles  for  a  series  of  H  are  shown 
in  Fig.  5.  An  increase  in  the  resonance  frequency  fr  with  increasing  H  is  seen  in  Fig.  5.  Data  on 
H-dependence  of  fr  for  the  composite  are  shown  in  Fig.  5.  The  mode  frequency  fr  increases  from 
19.3  GHz  for  H  =  0  to  20  GHz  for  H  =  5  kOe.  The  shift  in  fr  with  H  could  be  attributed  to  the 
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FIG.  2.  Frequency  dependence  of  the  real  part  of  the  relative  permittivity  as  a  function  of  static  field  H  measured  on 
as-assembled  NFO-BTO  composite.  The  inset  shows  the  fractional  change  in  s/  vs.  f. 


change  in  the  permittivity  that  arises  due  to  strain  mediated  ME  coupling  in  the  composite.  But  one 
also  expects  variations  in  due  to  any  change  in  the  composite  permeability.  It  has  previously  been 
observed  for  a  dielectric  resonator  of  pure  nickel  ferrite  that  fj  initially  decreases  with  increasing 
The  initial  decrease  in  fr  takes  place  due  to  changes  in  the  permeability  as  the  bias  field  was 
increased  from  0  to  saturation  field  Hsat,  while  for  H>Hsat,  the  frequency  begins  to  increase.  For  the 
data  in  Fig.  5  only  an  increase  in  fr  vs  H  is  observed  with  no  initial  decrease.  Thus  the  decrease  in 
permittivity  with  H  in  the  composite  completely  compensates  the  down-shift  in  fr  due  to  any  change 
in  the  permeability.  It  should  be  noted  that  the  primary  cause  for  the  increase  in  fr  with  H  is  the 
decrease  in  permittivity  due  to  strain  mediated  ME  effects  as  will  be  inferred  by  the  theory  discussed 
in  the  following  section. 

Now  we  compare  the  MDE  in  the  as-assembled  core-shell  ferrite-ferroelectric  composites  with 
similar  studies  on  single  phase  multiferroics.  The  MDE  in  single  phase  multiferroics  are  generally 
associated  with  H  induced  magnetic  phase  transitions  that  result  in  an  induced  polarization  and 
a  change  in  the  permittivity  and  is  on  the  order  of  1%  or  less  in  fields  of  several  Tesla.^  Thus 
the  off-resonance  MDE  on  the  order  of  1  to  1.5%  for  H  =  4  kOe  in  the  present  system  is  much 
stronger  than  in  single  phase  multiferroics.  But  there  are  also  reports  of  a  giant  MDE  in  single  phase 
materials  under  H  due  to  magnetic  field  induced  phase  transitions. Past  reports  on  MDE 
in  nano-composites  include  studies  on  core-shell  nanoparticles  of  BTO  and  ZnFe204."^^  Dielectric 
constant  measured  at  1  MHz  showed  a  1.3%  change  for  H  =  1  T.  Similar  studies  were  reported 
on  nanopyramids  of  PZT  of  diameter  50-100  nm  dispersed  in  a  cobalt  ferrite  matrix.  Magneto¬ 
capacitance  in  the  system  showed  a  1.46%  increase  in  Although  there  have  been  very  few 
studies  on  MDE  under  dielectric  resonance  in  composites,  a  giant  MDE  was  reported  recently  under 
electromechanical  resonance  in  PZT-Terfenol-D  layered  composites."^®  A  static  field  H  was  found  to 
tune  the  frequency  of  acoustic  modes  in  the  sample,  resulting  in  a  large  change  in  s. 
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FIG.  3.  Data  on  Sf  vs.  f  for  a  series  of  H  for  a  pressed  sample  of  as-assembled  NFO-BTO  core  shell  composite.  The  sample 
dimension  was  chosen  so  that  dielectric  resonance  mode  is  present  in  the  sample  in  the  above  frequency  range. 


FIG.  4.  Fractional  change  in  Ei  in  H  =  4  kOe  as  a  function  of  f  estimated  from  the  data  in  Fig.  3. 
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FIG.  5.  Profiles  of  the  imaginary  part  of  the  relative  permittivity  e/'  vs  f  for  a  series  of  H  for  the  tangentially  biased  core-shell 
particulate  composites.  The  inset  shows  the  H-dependence  of  the  dielectric  resonance  frequency  ff. 

The  data  in  Fig.  5  on  H-tuning  of  dielectric  resonance  clearly  demonstrate  the  utility  of  the 
technique  for  measurements  of  the  strength  of  ME  interactions  in  the  core-shell  composite.  This 
procedure  is  analogous  to  E-tuning  of  EMR  in  ferromagnetic-ferroelectric  composites  for  studies 
on  strength  of  converse-ME  effects.'’^’®  Data  in  Fig.  5  could  be  used  to  estimate  the  strength  of 
direct-ME  coupling.  Dehning  the  ME  coupling  strength  as  A  =  5fr  /  H  where  5fr  is  the  shift  in  the 
resonance  frequency  for  applied  held  H,  one  obtains  A  =  140  MHz/kOe.  This  DME  strength  should 
be  compared  with  CME  coupling  strength  A  ranging  from  1  MHz  cm/kV  for  hexaferrite-PZT  to 
970  MHz  cm/kV  for  FeGaB/PZN-PT.'°’'^  The  CME  in  ferrite-ferroelectric  bilayers  also  formed 
the  basis  for  a  new  class  of  high  frequency  signal  processing  devices  such  as  resonators,  hlters 
and  phase  shifters.  A  similar  device  application,  H-tunable  dielectric  resonators,  phase  shifters,  or 
isolators  could  be  envisioned  for  dielectric  resonance  in  the  core-shell  composites.^®  Such  device 
use  also  would  require  efforts  directed  at  reduction  of  the  line-width  for  the  resonance  in  Eig.  5. 

IV.  THEORY  AND  DISCUSSION 

Next  we  discuss  models  for  (i)  the  magneto-dielectric  effects  in  the  core-shell  composites  for 
frequencies  away  from  dielectric  resonance  and  (ii)  H-tuning  of  the  dielectric  resonance.  The  off- 
resonance  MDE  is  considered  hrst.  Various  models  in  the  past  considered  the  effective  dielectric 
response  of  heterogeneous  mixtures  in  terms  of  permittivity,  volume  fractions,  and  geometry  of 
the  initial  components.^  The  formulae  provided  in  these  reports  are  based  on  distinct  structure 
of  a  mixture;  therefore  the  validity  is  determined  by  how  closely  the  models  describe  the  actual 
structure.  In  this  work,  a  model  for  the  dielectric  response  of  the  NFO-BTO  core-shell  structure  and 
its  variation  with  applied  magnetic  field  is  discussed.  Two  types  of  porosity,  in  the  shell  occupied 
by  BTO  particles  and  in  the  compacted  pellet  of  the  sample,  must  be  taken  into  account  in  the 
estimates  of  permittivity.  Assuming  the  BTO  particles  in  the  shell  to  be  perfectly  spherical,  one 
estimates  a  porosity  of  26%  for  the  shell.  The  porosity  in  the  compacted  disk  of  the  sample  is  30% 
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in  our  case.  For  finding  the  effective  parameters  of  porous  sample,  we  consider  it  as  a  structure 
consisting  of  core-shell  matrix  with  embedded  50  nm  diameter  spherical  air-pores.  To  provide  a 
suitable  description  of  the  dielectric  behavior  of  the  sample,  a  three-phase  mixture  (core-f  porous 
shell-fporous  sample)  model  is  needed.  One  of  the  most  commonly  used  dielectric  mixture  theories 
is  the  Bruggeman  effective-medium  theory.^'’^^  According  to  this  model  that  takes  into  account 
depolarization  effects,  the  constituents  of  the  mixture  are  considered  as  spherical  particles  dispersed 
in  a  background  medium.  Bruggeman  theory  enables  one  to  avoid  the  uncertainty  connected  to  the 
choice  of  background  medium  that  is  inherent  in  the  Maxwell-Garnett  treatment.^^  The  Bruggeman 
model  was  found  to  accurately  predict  the  dielectric  constants  of  two-phase  dielectric  mixtures  in  a 
wide  range  of  compositions. 

To  estimate  the  effective  dielectric  constant  of  the  core-shell  system  a  two  step  approach  was 
used.  First,  the  effective  medium  theory  based  on  Clausius-Mossoti  equation  was  used  to  determine 
the  effective  dielectric  constant  of  the  shell  (with  BTO  particles  and  air-  pores).  Second,  the  dielectric 
constant  of  the  whole  sample  with  the  core,  shell  and  pores  in  the  sample  is  determined.  We  also 
take  into  account  the  frequency  dependence  of  dielectric  constant.  According  to  the  well-known 
Clausius-Mossotti  equation,  for  a  structure  with  background  medium  of  permittivity  Sb  containing 
n,-  numbers  of  spherical  inclusions  per  unit  volume: 

^eff  ~  njUj 

^eff  “F  2^/, 

where  Seg  is  effective  dielectric  constant  of  the  whole  structure,  a,  is  polarizability  of  /-inclusion. 
First  we  consider  the  shell  with  spherical  BTO  (i  =  1)  and  air-pores  (i  =  2)  inclusions.  Then  we 
assume  two  types  of  inclusions  in  the  disk  sample,  core  and  porous  shell  of  BTO  (i  =  1 )  and  air-pores 
in  the  sample  (i  =  2),  embedded  in  an  effective  medium  generated  by  them. 

For  a  concentric  spherical  core-shell  particle  embedded  in  a  background  medium  of  permittivity 
£/,,  Sihvola  calculated  the  polarizability  by  solving  Laplace’s  equation  in  the  spherical  coordinates 
with  the  boundary  conditions  that  the  potential  and  the  normal  displacement  vectors  must  be  contin¬ 
uous  at  the  boundaries  between  the  particles  and  the  surrounding  medium. Applying  the  solution 
to  core-shell  system  leads  to  the  following  expression  for  polarizability^^ 

(ei  -  Sb)rl  +  (2ei  -t-  ei,)[(e2  -  +  (2e2  +  ei)/ (£2  +  2£i)  -F  2(£2  -  £i)r2] 

a  —  AitSb - - 5 - ^ 

(£i  +  2sb)  +  2(si  —  Sb)r [  [(£2  —  £1)^2  +  (2^2  +  £i)/(e2  +  2£i)  +  2(s2  —  £1^2] 

(2) 

where  £;,  £2,  rj  and  £2  are  dielectric  constants  and  radii  of  the  shell  and  core,  respectively.  For  an 
individual  BTO  particle,  air-pore  in  the  shell  or  air-pore  in  the  sample  in  a  background  medium  the 
polarizability  can  be  approximated  to  that  of  a  homogeneous  sphere  of  radius  rj  in  amedium  and  is 
given  by 


.  3  £3  Si 

a  =  Ajzsbrj - — —  (3) 

£3  -|-  2sb 

with  S3  and  rs  denoting  the  permittivity  and  radius  of  a  sphere.  Since  the  dielectric  constant  of  the 
effective  medium  and  the  background  medium  are  assumed  to  be  equal  in  the  Bruggeman  model, 
the  effective  dielectric  constant  of  the  porous  shell  is  calculated  from  Eq.  ( 1 )  assuming  Sb  —  Seg  and 
taking  into  account  Eq.  (3).  One  may  assume  the  dielectric  constant  of  NEO  to  be  a  constant  since 
its  relaxation  frequency  is  very  high.^^  The  frequency  dependence  of  dielectric  constant  for  BTO 
particles  is  taken  into  account  by  using  the  Debye  equation 


£1  = 


(4) 


where£j'  ~  1300^^  andm^.^  750  GHz^’®  are  the  real  part  of  static  permittivity  and  dielectric  relaxation 
frequency.  In  the  discussion  to  follow,  we  denote  the  real  part  of  permittivity  by  the  symbol  sj .  Then 
the  effective  dielectric  constant  of  the  core-shell  system  is  estimated  from  solution  of  Eq.  (1)  taking 
into  account  Eqs.  (3)  and  (4).  The  estimated  permittivity  of  shell  with  50  nm  BTO  and  spherical 
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air-pores  (of  diameter  50  nm)  sjeff!  so  —  610  and  for  the  compacted  disk  with  particles  of  NFO 
core-BTO  shell  and  30%  spherical  air-pores  in  the  sample  the  estimated  value  of  Sejf!  So  =  15.2. 
Calculations  are  for  f  =  18  GHz.  It  should  be  noted  that  using  Eq.  (1)  implies  neglecting  the 
interparticle  interactions  since  they  are  weak  compared  to  intraparticulate  ones. 

Next  we  consider  the  static  magnetic  field  dependence  of  the  dielectric  constant.  The  applied 
magnetic  field  gives  rise  to  a  change  in  dielectric  response  of  the  ferroelectric  (FE)  shell  due 
magnetostrictive  and  electrostrictive  coupling.  To  estimate  the  magnetically  induced  variation  of 
dielectric  constant,  the  structure  can  be  treated  as  an  assembly  of  spheres  of  the  same  diameter  with 
no  magnetic  exchange  interaction  between  adjacent  particles.  Each  sphere  is  considered  to  be  in 
single  magnetic  and  ferroelectric  domain  state.  The  total  free  energy  density  of  a  ferromagnetic- 
ferroelectric  core-shell  particle  is  expressed  by 

F  +  (l-  vjF'"  (5) 

with  pP,  and  v  being  the  free  energy  densities  of  the  ferromagnetic  (EM)  core  and  FE  shell,  and 
FE  phase  volume  fraction,  respectively.  The  free  energy  of  the  FE  shell  is  the  electrostrictive  energy 


FP  =  Fes  (6) 

where  Fes  —  —’’qjki^SjPkPi  with^g'jM,^5i,  P,  andPj  denoting  the  electrostriction  coefficients,  strain 
tensor  components,  and  polarization  components.  Similarly,  the  free  energy  of  the  FM  core  is  equal 
to 


F"'  —  Pm  +  P«  +  Pmj  +  F4,„, 


(7) 


where  F^,  Fh,  F„s,  and  P^m  ars  the  ferromagnetic  bulk  free  energy,  energy  in  an  magnetic  field, 
magnetostriction  energy,  and  magnetostatic  energy,  respectively.  Magnetic  energy  components 
are  defined  as:  P//  =  —  HMcos  tj/  with  H,  M  and  i/f  denoting  the  angle  between  the  magnetic 
field  and  magnetization,  and  Fes  =  —"'biki^SiMkMi,  with  "'bm  and  "'St  being  the  magnetoelas¬ 
tic  coefficients  and  strain  tensor  component.  Magnetic  dipole  interaction  energy  is  defined  by 


Fmd  — 


with  Mi  and  Mj  denoting  the  magnetic  moments  of 


magnetic  particles.  To  simplify  analysis  of  the  complex  problem  of  the  magnetostatic  interac¬ 
tions  between  the  particles  in  the  sample,  we  will  use  an  effective  magnetostatic  energy  den¬ 
sity  as  a  combination  of  the  limiting  cases  of  an  isolated  particle  with  demagnetization  tensor 
N  and  a  homogeneously  magnetized  ellipsoidal  sample  with  the  demagnetization  tensor 
Fmd  =  -N  ■  M  +  ■  N'  ■  M,  where  Ni  =  N2  =  N3  =  1/3  and  m  is  the  volume 

packing  fraction  of  magnetic  particles  in  the  sample.  The  first  limiting  case  of  an  isolated  particle  is 
obtained  for  m  -^0,  the  second  one  for  m  —  1. 

The  stress  in  the  ferrite  phase  is  assumed  to  be  produced  by  applied  magnetic  field  and  transferred 
to  ferroelectric  shell.  Strain  and  stress  tensor  components  can  be  calculated  by  solving  the  elasto- 
static  equations.  This  problem  is  similar  to  that  of  a  spherical  inclusion  in  a  surrounding  uniform 
medium.^^’^^  Expressions  for  determining  the  stress  components  in  the  shell  due  to  magnetostrictive 
coupling  in  the  core  are  reduced  to 


’52  =  ‘’Si  = 


-24B 


4(5  -  4^’y)C 
3(1 -2Pv) 


2A|-; 


^53 


/8(5-^  _  2  \  2 
V  3(1  -  2Pv)  )  f 


-  Pv  +  2'"v)/’/x  +  (1  -  2Pv  +  '"vTix  +  2^v'"y(^/x  -  “/x)] 


6f/x(l  -t-  Pv)[(2  -  4'"v)Pfx  -1-  (1  +  "“yj^/x 


(8) 


AlP  Advances  4,  097117  (2014) 


0971 1 7-1 0  Popov  et  al. 


FIG.  6.  Estimated  static  field  H  dependence  of  fractional  variation  in  the  real  part  of  the  permittivity  for  a  disk  sample  of 
particles  of  100  nm  NFO  core-50  nm  BTO  shell.  The  measured  values  from  the  data  of  Fig.  2  are  shown  for  comparison. 


Trl(Pfi  -  “/Lt) 

8Pti[i7  -  5Pv)Pfi  +  (8  +  10^y)"'At  ’ 


^  _  STrjjPfi  -  -  2Pv) 

8^m[(7  -  5Pv)PtM  +  (8  +  IQPvy^fx  ’ 

where  /x  and  v  are  elastic  shear  modulus  and  Poisson’s  ratio,  3;  and  z  are  measured  relative  to  the 
origin  at  the  core  center  and  T  —  "‘bssMs^. 

The  estimated  values  of  strain  components  should  he  substituted  into  Eq.  (5)  for  free  energy 
density  that  enables  obtaining  the  equilibrium  orientation  of  magnetization  of  the  core  using  the 
condition  =  0.  Then  the  magnetically  induced  change  in  shell  polarization  can  be  found  from 
condition  for  minimum  of  free  energy  density  —  0.  Taking  into  account  the  symmetry  of  core¬ 
shell  structure,  the  total  average  equilibrium  polarization  can  be  assumed  to  be  parallel  to  Z-axis. 
Finally,  we  hnd  variation  of  the  dielectric  constant  for  the  shell 


A£33 

eo 


(9) 


with  y  being  the  shell  volume.  Based  on  Eq.  (9),  we  obtained  As 33/  Sq  as  a  function  of  H  and  then 
calculated  the  fractional  change  in  the  effective  dielectric  constant  Sejf  for  the  whole  sample  using 
Eqs.  (l)-(3).  The  variation  of  the  effective  dielectric  constant  Aeeff/eeff(0)  =  [eeff  (H)  -  eeff  (H  =  0)] 
/  eeff  (H  =  0)  for  the  sample  is  shown  in  Fig.  6  as  a  function  of  H  and  compared  with  the  data.  The 
estimates  are  for  BTO  volume  fraction  of  74%,  shell  porosity  of  26%  and  sample  porosity  of  30%. 
Decrease  in  permittivity  in  applied  magnetic  held  can  be  accounted  for  by  mechanical  coupling 
on  the  boundaries  between  the  ferroelectric  and  ferromagnetic  phases  due  to  electrostriction  and 
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FIG.  7.  Theoretical  dielectric  resonance  frequency  f,  as  a  function  of  static  field  H  for  the  tangentially  biased  core-shell 
composite.  Measured  f,  from  the  data  of  Fig.  5  are  shown  for  comparison. 


magnetoelastic  energy  that  enter  Eq.  (1).  As  mentioned  above,  boundary  conditions  consist  of 
equating  the  displacement  and  stress  components  on  the  boundaries.  Magnetic  field  gives  rise  to 
variation  in  equilibrium  strain  components  and  therefore  equilibrium  polarization.  There  is  very 
good  agreement  between  the  measured  and  estimated  values. 

Next  we  discuss  the  observed  change  in  dielectric  mode  frequency  with  applied  magnetic  field 
for  the  composite.  The  sample  in  the  rectangular  waveguide  can  be  treated  as  a  transmission  line 
resonator.®*^  The  wavelength  of  the  propagating  waveguide  mode  is  given  by®° 

1 

,  = 

where  fjL  and  jjia  are  the  elements  of  magnetic  permeability  tensor,  e  is  the  dielectric  permittivity, 
and  a  is  the  length  of  the  internal  broad  side  of  the  waveguide.  The  dielectric  resonance  will  take 
place  at  frequencies  for  which  the  sample  thickness  5  is  a  multiple  of  half  wavelength:  S  —  nk/l, 
n  —  1,2,  3....  Our  calculations  show  that  observed  resonance  corresponds  to  n  =  2.  The  calculated 
fr  vs  H  dependence  is  presented  in  Fig.  7.  The  estimates  are  based  on  measured  e{H)  from  Fig.  6, 
saturation  magnetization  A-ttMq  =  400  G,  gyromagnetic  ratio  y  =  3. 1  MHz/Oe,  and  sample  thickness 
S  =  0.43  mm.  There  is  very  good  agreement  between  theory  and  data. 

V.  CONCLUSIONS 

The  nature  of  mechanical  strain  mediated  magneto-electric  interactions  has  been  investigated 
in  self-assembled  core-shell  nanoparticles  of  nickel  ferrite  and  barium  titanate.  Measurements  of 
the  real  (s/)  and  imaginary  (e/')  parts  of  the  relative  permittivity  have  been  carried  out  over 
16-24  GHz  with  rectangular  platelets  of  samples  of  as-assembled  powder  in  waveguides  and  from 
data  on  transmission  and  reflection  coefficients  of  microwave  power  through  the  waveguide.  The 
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ME  coupling  is  found  to  result  in  1  to  1.5  %  decrease  in  e/  at  16-18  GHz  for  a  nominal  field  of 
4  kOe.  A  giant  magneto-dielectric  effect  characterized  by  28%  change  in  Sr  due  to  H  is  observed 
under  dielectric  resonance  in  the  sample.  The  static  magnetic  field  induced  variation  in  s/  is  found 
to  influence  the  dielectric  resonance  with  an  increase  in  f^  by  140  MHz/kOe.  A  model  is  developed 
for  the  high  frequency  MDE.  Estimated  off-resonance  s/  vs  H  and  the  static  field  dependence  of  the 
dielectric  resonance  frequency  are  in  general  agreement  with  the  data. 
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